ABSTRACT: Endothelin-1 (ET-1) mediates hypoxia-mediated pulmonary vascular remodeling (HPVR), and endothelin-A receptor (ET-AR) blockade prevents HPVR in newborn mice. Our objective was to determine postnatal effects of chronic hypoxia and/or ET-AR blockade on lung ET-1, ET-AR, ET-BR, and vascular collagen and elastin. Newborn C57BL/6 mice (n ϭ 6 -8/gp) given either BQ610 (ET-AR blocker) or vehicle were exposed to air or hypoxia (12% O 2 ) from birth for 1, 3, or 14 d. Lung ET-1 was assessed by ELISA, and ET-AR and ET-BR by immunohistochemistry. Vascular collagen and elastin were assessed by quantitative image analysis. ET-1, ET-AR, ET-BR, collagen I and III, and tropoelastin mRNA levels were assessed by real-time quantitative RT-PCR. We observed that: 1) hypoxia attenuated the normal postnatal decrease in ET-1 and collagen content; 2) ET-AR blockade reduced collagen independent of O 2 ; 3) hypoxia increased elastin mRNA expression and attenuated the normal postnatal decrease in elastin content; and 4) BQ610 reduced elastin mRNA but not elastin content. We conclude that, in neonatal mice, hypoxia attenuates normal postnatal decreases in ET-1, vascular collagen, and elastin. ET-AR blockade reduces collagen fiber area but not mRNA, and does not decrease elastin despite reducing its expression. (1) may lead to persistent pulmonary hypertension of the newborn (PPHN), which affects more than 10,000 infants annually in the United States (2). Pulmonary vascular remodeling also occurs in bronchopulmonary dysplasia (3) and congenital heart disease (4). Pulmonary vascular remodeling is more severe in neonates compared with adult animals following similar hypoxic exposure (5), and various neonatal animal models (5-7), including our recently developed newborn mouse model (8), have been developed for the evaluation of HPVR. Neonatal HPVR differs significantly from adult HPVR with respect to extracellular matrix composition, pulmonary arterial smooth muscle structure, and vascular reactivity (9).
A bnormal pulmonary vascular remodeling due to hypoxia (1) may lead to persistent pulmonary hypertension of the newborn (PPHN), which affects more than 10,000 infants annually in the United States (2) . Pulmonary vascular remodeling also occurs in bronchopulmonary dysplasia (3) and congenital heart disease (4) . Pulmonary vascular remodeling is more severe in neonates compared with adult animals following similar hypoxic exposure (5) , and various neonatal animal models (5-7), including our recently developed newborn mouse model (8) , have been developed for the evaluation of HPVR. Neonatal HPVR differs significantly from adult HPVR with respect to extracellular matrix composition, pulmonary arterial smooth muscle structure, and vascular reactivity (9) .
HPVR is mediated in part by ET-1, a 21-amino acid polypeptide with two major receptor isoforms, ET-AR and ET-BR. ET-AR, located mainly on pulmonary arterial smooth muscle cells, mediate vasoconstriction, whereas ET-BR, located mainly on pulmonary endothelial cells, mediate vasodilation (10) . A rare ET B receptor subtype (ET B2 ), present on vascular smooth muscle cells, also mediates vasoconstriction (11) . The biologic actions of ET-1 vary with age (12) , vascular bed, dosage (13) , and species (14) . Hypoxic exposure leads to an increase in ET-1 release by pulmonary endothelial cells that acts by a paracrine mechanism on adjacent vascular smooth muscle cells to cause vasoconstriction and pulmonary hypertension, which, if sufficiently prolonged, leads to HPVR (15) . Nonselective (combined ET-AR and ET-BR) antagonists have the disadvantage of inhibiting ET-BR mediated vasodilation, and selective ET-BR blockade worsens pulmonary hypertension by vasoconstriction via ET-AR without concomitant ET-BR induced vasodilation (15) . We have shown that ET-AR blockade attenuates acute hypoxia-induced pulmonary hypertension in piglets (16) , and that ET-AR antagonists attenuate and reverse HPVR in adult rats (17) and in newborn mice (8) . However, while is known that ET-AR blockade can reduce hypoxic vasoconstriction and HPVR, the effects of ET-AR blockade on hypoxia-induced changes in ECM molecules has to be determined. In addition, the lung undergoes marked developmental changes in the first two postnatal weeks in the newborn mouse, and data on ET-1 and its receptors during this dynamic process would be valuable to better understand the role of ET-1 in normal and pathologic lung development.
The objectives of this study were to a) determine the normal postnatal changes and effects of chronic hypoxia on lung ET-1 and its receptors, and b) determine the effects of chronic hypoxia on collagen and elastin in resistance pulmonary arteries and to test whether ET-AR blockade prevents the hypoxia-induced effects. It was hypothesized that ET-1, ET-AR, ET-BR, vascular collagen, and elastin would be highest around birth and decline postnatally, that hypoxia would attenuate the normal postnatal decrease in these molecules, and that ET-AR blockade would permit the normal changes in vascular collagen and elastin to occur.
METHODS
Experimental animals and animal care. The research protocol was approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham, and the care and handling of the animals were in accordance with National Institutes of Health guidelines. Timed pregnant C57BL/6 mice were obtained from Charles River Laboratories (Wilmington, MA).
Animal model. Newborn C57BL/6 mouse pups and their dams were exposed to normobaric hypoxia (12% O 2 ) or normoxia (room air) from birth to either postnatal d 1 or 14 (n ϭ 6 -8/gp from at least two litters), while being given BQ610 (ET-AR antagonist) or vehicle (cottonseed oil) as described previously (8) .
Mortality was comparable (10 -20%) to that in nonexperimental conditions, and was minimized by using experienced dams, reduced handling, extra nesting material, and a high fat diet. Surviving hypoxia exposed pups were active but were smaller than air controls. Hypoxic pups weighed approximately 4 -6 g, while normoxic pups weighed 6 -8 g at 14 d. Administration of BQ610 did not prevent the hypoxia-induced growth retardation.
After completion of the period of hypoxia/air exposure, the animals were euthanatized. For histologic analysis, the lungs were fixed in inflation using 10% formalin and the right ventricle was perfused with formalin. Histologic sections (5 m) consisted of a coronal section from apex to base of both lungs. For RNA isolation, lungs were homogenized in 1 mL of TRIZOL total RNA isolation reagent (Invitrogen, Carlsbad, CA). For protein analysis, lungs were homogenized in 1 mL of a tissue protein extraction reagent (T-PER, Pierce Biotechnology Inc, Rockford, IL), centrifuged at 7000 g for 5 min, and the supernatant frozen at -80°C until analysis.
ET-AR antagonist administration. BQ610 (Peptides International, Inc, Louisville, KY) or vehicle was given intraperitoneally at 20 g/g body weight per day, as described previously (8) . BQ610 at this dose is a selective ET A antagonist (IC 50 for ET A ϭ 0.64 nM, for ET B ϭ 24 M), and was effective in our previous study (8) .
Quantitation of ET-1. Homogenized lungs were analyzed as a single batch for ET-1 by ELISA (R & D Systems, Minneapolis, MN) as described in the manufacturer's protocol. The range of measurement was 1-120 pg/mL, with good intra-and interassay precision.
Immunohistochemical staining for ET-AR and ET-BR. Antigen retrieval was performed by heating slides in citrate buffer (Lab Vision Corp., Fremont, CA) for 20 min. Slides were then stained with rabbit polyclonal antibodies to ET-AR (Abcam Inc., Cambridge, MA) or ET-BR (Biodesign, Saco, ME) at 1:100 dilution for 30 min followed by the secondary antibody for 30 min and color development with DAB as provided in the DakoCytomation EnVisionϩ System-HRP (DakoCytomation, Carpinteria, CA). All slides were stained simultaneously to minimize variation in staining intensity. The software MetaMorph v. 6.2r4 (Universal Imaging Corporation, Downingtown, PA) interfaced with a Nikon Labophot microscope equipped with a QiCam Fast Cooled high resolution CCD camera (1392 ϫ 1040 pixels) was used for image analysis. Pulmonary arteries were defined as vessels that accompanied airways (veins are interlobular). At least 20 arteries from different 400ϫ fields were evaluated from each section. Only arteries 20 -150 m in external diameter were analyzed. A threshold was defined for positive antibody staining in comparison with nonimmune serum controls. Positive pixels were expressed as a percentage of total tissue area, averaged over six random fields per sample (18) .
Quantitation of collagen and elastin. Lung sections were stained with either Sirius red F3BA (Picric Acid Sirius Red stain; Rowley Biochemical Institute, Rowley, MA) or Verhoeff's elastic tissue stain for the assessment of vascular collagen and vascular elastin, respectively. For collagen quantitation, the tunica media and area around the vessel with collagen staining was selected, and the collagen staining measured using the image analysis software and expressed as a percentage of this area (vessel ϩ perivascular area). For elastin quantitation, the vessel area including the external elastic lamina was selected, and the area occupied by elastin was measured and expressed as a percentage of the vessel area. All slides were stained simultaneously to minimize variation in staining intensity, and all measurements were done by a single observer masked to the slide identity.
Collagen in homogenized lung extracts was also measured using the Sircol soluble collagen assay (Biocolor Ltd., Newtonabbey, Northern Ireland) as described in the manufacturer's protocol. The dye reagent binds specifically to the [Gly-X-Y]n helical structure found in all collagens and this assay provides an estimate of total lung collagen.
Quantitative real-time PCR analysis of ET-1, ET-AR, ET-BR, tropoelastin, collagen I, and III expression.
One microliter of total RNA was reverse transcribed to cDNA using the SuperScript III First-Strand Synthesis System for RT-PCR kit from Invitrogen. The random hexamers were used as primers for cDNA synthesis. The real-time PCR was done on a Bio-Rad iCycler (Bio-Rad, Hercules, CA) and analyzed by its software. SYBR Green PCR Master Mix was used for the PCR (Applied Biosystems, Foster City, CA). The mix was optimized for real-time PCR analysis using SYBR Green 1 Dye, AmpliTaq Gold DNA Polymerase, dNTP with dUTP, Passive Reference 1, and optimized buffer components. The primers used were: ET-1: 5=-CCTG-GACATCATCTGGGTC-3=, 5=-TGTGGCCTTATTGGGAAG-3=; ET-AR: 5=-GGTGGCTCTTTGGGTTCT-3=, 5=-GACGCTGTTTGAGGTGCT-3=; ET-BR: 5=-TGCGAAATGCTCAGGAAG-3=, 5=-ACGAGGACCAGGCA-GAAG-3=; tropoelastin: 5=-TGGTATTGGTGGCATCGG-3=, 5=-CCTTG-GCTTTGACTCCTGTG-3=; collagen I ␣ chain 1: 5=-GACGCCATCAAG-GTCTACTG-3=, 5=-GAATCCATCGGTCATGCTCT-3=; collagen III ␣ chain 1:5=-TTGTTGGAGTTGGAGGTGA-3=, 5=-AGTTCCGAGCAGGGTTTT-3=; and 18S RNA: 5=-CTTTGGTCGCTCGCTCCT-3= and 5=-GATAAATG-CACGCATCCC-3=. The normalized mRNA/18S rRNA ratios were standardized to mean mRNA level of air control mice. If samples from animals of different ages were compared, the average expression seen in air-exposed animals on d 1 was used to normalize values.
Statistical analyses. Results were analyzed by two-way ANOVA (age ϫ hypoxia and hypoxia ϫ BQ610) followed by Student-Newman-Keuls multiple comparison test if significant differences were observed.
RESULTS
Endothelin-1 protein and mRNA expression in lung extracts. ET-1 protein concentrations and mRNA expression were higher soon after birth (1 d), compared with 2 wk of age (Fig. 1) . Hypoxia attenuated the normal postnatal decrease in both ET-1 protein and mRNA, such that levels at 2 wk of age in hypoxia were higher than in air (Fig. 1) . BQ610 increased ET-1 protein concentrations and mRNA in the hypoxiaexposed but not in the normoxic animals ( Fig. 1) .
ET-AR staining and mRNA expression. ET-AR staining demonstrated a trend toward a decrease with increasing age (p ϭ 0.08) (Figs. 1 and 2 ). Hypoxia increased ET-AR staining at 1 d of age compared with air controls, but this difference was no longer significant by 14 d (Fig. 1) . BQ-610 markedly increased ET-AR staining in both air and hypoxia (Fig. 2) . The magnitude of qualitative difference in staining (Fig. 2) appears greater than the differences noted quantitatively (Fig.  1 B) as the immunohistochemical staining is corrected for tissue area, which is higher soon after birth. ET-AR mRNA expression declined by 14 d but was not altered by hypoxia (Fig. 1 ). There was a trend toward reduction of ET-AR mRNA expression by BQ610 during hypoxia (Fig. 1) .
ET-BR staining and mRNA expression. ET-BR staining reduced with increasing age, and this reduction was attenuated with hypoxia or BQ-610 (Figs. 1 and 3) . ET-BR mRNA expression declined by 14 d, and was also lower at 1 d of age while in hypoxia. ET-BR mRNA was reduced by BQ610 during hypoxia, but not during normoxia (Fig. 1) .
Vascular collagen. At 1 d of age, marked collagen staining was noted in the interstitium as well as the tunica adventitia and tunica media, but by 14 d, interstitial staining decreased and most collagen staining was in adventitia (Fig. 4) . The vascular collagen volume immediately after birth was 39 Ϯ 2%. By 14 d, vascular collagen had decreased by two-thirds in air controls, and to a lesser extent in hypoxia-exposed animals, so that there was a moderate increase (20%) in vascular collagen volume with hypoxia ( A similar attenuation of the postnatal decrease with hypoxia, and decreases with BQ610 were seen when whole lung collagen was analyzed by the Sircol method, although the change in collagen with BQ610 was not statistically significant (Fig. 4) .
No significant changes were noted in collagen I and III expression with either hypoxia or BQ610 (Table 1) , although there was a nonsignificant trend for reduction in collagen III with both hypoxia and BQ610.
Vascular elastin. Elastin staining was most intense in the internal and external elastic laminae (Fig. 5) . Vascular elastin volume immediately after birth was 22.9 Ϯ 1%, and decreased by two-thirds in air controls, and to a lesser degree in hypoxiaexposed animals, such that hypoxia-exposed animals had 60% more elastin at 14 d compared with air-exposed animals (7.6 Ϯ 0.5% of vascular area in air versus 12.2 Ϯ 0.5% in hypoxia, p Ͻ 0.05). ET-AR blockade did not reduce elastin staining (hypoxia-vehicle: 12.2 Ϯ 0.5% versus hypoxia-BQ610: 14.2 Ϯ 0.8%; NS). A similar pattern of response was noted when vessels of different sizes were evaluated individually (data not shown), although smaller vessels had less vascular elastin compared with larger vessels. Similar changes were seen in vascular elastin when absolute elastin volumes, rather than elastin volumes normalized to vessel area, were analyzed (data not shown). A corresponding increase in tropoelastin mRNA expression was noted with hypoxia (Table 1) . BQ610 inhibited this hypoxia-induced increase in tropoelastin expression, but did not affect elastin staining (Table 1) .
DISCUSSION
The major findings of the current study are a) in the neonatal mouse lung, ET-1 concentrations and mRNA expression normally decline postnatally, and hypoxia attenuates this process; and b) vascular collagen fiber volume normally decreases after birth, and this normal reduction is impaired by hypoxia in an ET-AR-dependent fashion, without altering steady-state collagen I or III mRNA levels. These observations, coupled with the finding that ET-AR blockade also reduces vascular collagen content in normoxia-exposed mice, suggests that ET-1 is necessary for collagen maintenance and deposition in the pulmonary vasculature during the neonatal period. The finding that collagen deposition is altered in the absence of changes in mRNA expression suggests that hyp- 
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oxia and ET-1 may reduce normal postnatal collagen breakdown/turnover in the newborn mouse lung. Pulmonary vascular elastin also declined postnatally, and this normal decrease was again impaired by hypoxia. In contrast to collagen, hypoxia-induced increases in vascular elastin content were not modulated by ET-AR blockade, although ET-AR blockade was highly effective in inhibiting steady-state tropoelastin mRNA levels. As in the case of collagen, these findings suggest that hypoxia-induced alterations in pulmonary vascular elastin content are dependent on posttranslational alterations in elastin deposition or turnover. We have previously shown that ET-AR blockade prevents and partially reverses hypoxia-induced pulmonary vascular remodeling in newborn mice (8) , and the current study demonstrates that ET-AR blockade may selectively increase collagen but not elastin turnover in the newborn lung.
The postnatal decrease in ET-1 protein concentrations and in ET-1, ET-AR, and ET-BR mRNA expression that we observed is consistent with similar decreases seen in piglets by Levy et al. (19) , and extends work done by Adur et al. (20) , who showed that ET-AR and ET-BR are maximal in the first or second day after birth in mice. These results are to be expected, as transition from the relatively hypoxic in utero environment to the better oxygenated postnatal environment should reduce ET-1 and its signaling, which is normally up-regulated by hypoxia. The normal postnatal reduction in ET-1 and ET-AR is therefore favorable for, and may contribute toward, the normal physiologic changes in pulmonary blood flow (decrease in vascular resistance, increase in flow) and anatomical changes (reduction in vascular wall thickness and extracellular matrix) that occur with transition from the in utero environment to postnatal life. Consistent with this explanation, we observed that hypoxia inhibited the normal postnatal decrease in ET-1 protein and mRNA expression. However, although hypoxia inhibited the normal decrease in ET-BR staining at 14 d, no decrease in ET-AR staining or in ET-AR or ET-BR mRNA was observed. As the increase in ET-BR staining occurred without a change in ET-BR mRNA, posttranslational changes in receptor number or density may be involved. BQ610, only under hypoxic conditions, showed a trend toward reduction of ET-1 and ET-AR mRNA, and reduced ET-BR mRNA expression. We speculate that when ET-AR is blocked, increased levels of ET-1 acting unopposed via ET-BR may possibly reduce expression of ET-1 and its receptors. The dissociation between increased ET-AR staining seen in BQ610-exposed animals (both in normoxia and hypoxia) and the lack of change or decrease in ET-AR mRNA may indicate a reduction in ET-AR turnover due to receptor binding by the antagonist. In this setting, the increase in ET-AR staining represents an increase in "blocked" receptors and not increased ET-AR activity. Vascular collagen fiber volume decreased over the first two postnatal weeks, and hypoxia attenuated this decrease. As hypoxia did not significantly change collagen mRNA expression, an impairment of collagen turnover/breakdown with hypoxia may be responsible for the relative accumulation of collagen. Collagen turnover is primarily regulated by matrix metalloproteinases (MMP). We have recently demonstrated that hypoxia reduces MMP-2, the major gelatinase in the newborn lung, and that MMP-2 deficient (MMP-2 null) mice have abnormal arterial remodeling and collagen accumulation (Ambalavanan et al. Pediatric Academic Societies' meeting, May 14 -17, 2005, Washington DC). The hypoxia-induced persistence of vascular collagen may contribute to pulmonary hypertension. In chronic hypoxia-exposed adult rats, the antifibrotic agents beta-aminopropionitrile or cis-4-hydroxy-Lproline prevent pulmonary hypertension, right ventricular hypertrophy, and vascular collagen accumulation (21, 22) . BQ610 decreased perivascular collagen content under both normoxic and hypoxic conditions, although it did not change collagen expression significantly. This suggests that ET-AR blockade increases collagen breakdown, and therefore indicates that ET-1 may decrease collagen breakdown and increase collagen content by mechanisms that need to be identified in this model. These results are consistent with those of other investigators who have demonstrated that ET-AR blockade regresses vascular fibrosis in other organs (23) . We are currently investigating the mechanisms by which ET-1 may interact with MMP, and postulate that the decrease in collagen with ET-AR blockade may contribute to a reduction in HPVR.
In our newborn mouse model, hypoxia increased elastin in pulmonary arteries. Similar increases in vascular elastin with hypoxia have been seen in newborn rats (24) and calves (25) . Our model showed an increase in vascular elastin staining and tropoelastin expression with hypoxia, but BQ610 did not reduce elastin although it reduced tropoelastin mRNA. These results suggest that whereas hypoxia increases tropoelastin and thereby elastin, ET-AR antagonists do not reduce elastin despite reducing mRNA expression, probably due to an impairment of elastin breakdown with hypoxia. A similar decrease in elastin breakdown with hypoxia has been seen in newborn piglets wherein hypoxia had no effect on tropoelastin mRNA but led to increased tropoelastin protein deposition (26) .
Other fetal (27) and neonatal models (7) have shown that ET-AR antagonists prevent pulmonary vascular remodeling, but changes in extracellular matrix (ECM) have not been the focus of these studies. The ECM regulates cellular migration, proliferation, and differentiation, and is involved in organizing airway branching, alveolar septal development (28) , and the postnatal plasticity of the pulmonary circulation (25, 29) . HPVR may result from impairment of this regulation (25, 29) . It is likely that other ECM molecules, in addition to collagen and elastin, also play a role in regulating the effects of hypoxia on the vasculature. There was a nonsignificant trend for reduction in collagen III with both hypoxia and BQ610 (p ϭ 0.1). There was a significant interaction between hypoxia and BQ610 for tropoelastin (p Ͻ 0.01) but not for collagen I or III (p ϭ 0.22 for collagen I, p ϭ 0.71 for collagen III). (n ϭ 6 -8/gp; mean Ϯ SE, *p Ͻ 0.05 vs respective air control, ** p Ͻ 0.05 vs respective vehicle groups).
The advantage of our model is that lung development of mice in the first two postnatal weeks is similar to that in humans from the 24th week of gestation through the first 2 y of age (30) . In addition, transgenic (either "knockout" or "overexpression") mice can be used for evaluating effects of specific genes or their absence on lung alveolar and vascular development. There are limitations to the newborn mouse model, as in all animal models. This model is not directly extrapolatable to human neonates due to interspecies differences. Hemodynamic measurements in newborn mice are also difficult. Models of chronic alveolar hypoxia, although reproducible, do not closely simulate the pathophysiology of pulmonary hypertension in human neonates. Also, due to agespecific effects, fetal hypoxia, hypoxia soon after birth, and hypoxia starting a week after birth have different physiologic and structural effects. A limitation of our real-time RT-PCR analysis is that whole-lung homogenates from one point in time were used, and hence these results represent changes in gene expression of the lung parenchyma and airways, as well as the vasculature at that point in time. However, these results generate hypotheses that can be tested by more precise techniques such as laser capture microdissection and in situ hybridization. Chronic hypoxic exposure in the developing animal (unlike the adult) leads to impairment of lung alveolar and vascular development (24, 31, 32) , in addition to growth retardation. This hypoxia-induced impairment of alveolar and vascular development in lung may contribute to pulmonary hypertension, in addition to HPVR.
In summary, chronic hypoxia exposure in neonatal mice attenuates the normal postnatal decrease in ET-1 and its receptors, and leads to vascular collagen and elastin accumulation that may be important in vascular remodeling. Increased collagen seems to be mediated mainly by a decrease in breakdown/turnover whereas increased elastin is mediated both by increased expression and decreased breakdown. ET-AR blockade reduces perivascular collagen but not vascular elastin content. Many mechanisms involving mediators such as nitric oxide, prostacyclin, reactive oxygen species, and heat shock proteins, in addition to ET-1, are involved in HPVR. It may therefore be expected that ET-AR blockade would reverse only some of the effects of chronic hypoxia. Knowledge of the mechanisms that are modulated and those that are not modulated by ET-AR antagonists provides useful information for developing therapeutic strategies that may best be combined with these endothelin antagonists, to achieve complementary beneficial effects.
